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We propose a reconfigurable bit comparator implemented with a nanowire spin valve whose contacts are
magnetostrictive and possess bistable magnetization. Reference and input bits are “written” into the magne-
tization states of the two contacts with electrically generated strain and the spin-valve’s resistance is lowered
if the bits match. Multiple comparators can be interfaced in parallel with a magneto-tunneling junction to
determine if an N-bit input stream matches an N-bit reference stream bit by bit. The system is robust against
thermal noise at room temperature and a 16-bit comparator can operate at ∼294 MHz while dissipating at
most ∼19 fJ per cycle.
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Digital signal processing employing electron spins to
store and process bit information offers certain advan-
tages over traditional charge-based paradigms1,2. Here,
we propose a hybrid spintronic-straintronic digital re-
configurable N-bit comparator that can operate at room
temperature with reasonable speed while dissipating very
little energy. It is also “non-volatile”, meaning that the
input bits, reference bits and the result of the bit stream
comparison (i.e. whether the input and reference bit
streams match or not) can be stored permanently in the
magnetization states of magnets.
Figure 1(a) shows the schematic of an N-bit compara-
tor fabricated on a conducting n+-Si substrate and a
piezoelectric layer. A single bit comparator block is
shown in the left panel of Fig. 1(b) and consists of a
nanowire “spin valve” whose two ferromagnetic contacts
are essentially two-phase multiferroics made of a magne-
tostrictive material elastically coupled to an underlying
piezoelectric film. The spacer layer of the spin valve is
a semiconductor nanowire in which electron transport is
single-channeled and hence immune to D’yakonov-Perel’
spin relaxation3. Strong suppression of spin relaxation
due to single-channeled transport has been observed in
50-nm diameter electrochemically self assembled InSb
nanowires at room temperature4 and progressive sup-
pression with decreasing width of a nanowire has been
reported in InGaAs nanowires5. To fabricate the spin
valve structure, a single ∼50 nm diameter InSb nanowire
can be captured between two lithographically delineated
magnetostrictive contacts (deposited on a piezoelectric
film) using dielectrophoresis6.
The contacts are shaped like elliptical disks and a
global static magnetic field is directed along their mi-
nor axes. This makes the magnetization orientation of
either contact bistable. The two stable orientations lie
in two adjacent quadrants in the ellipse’s plane between
the major and minor axes and subtend an angle of ∼90◦
with each other7,8 as shown in the top left corner of Fig.
1(a). Uniaxial tensile stress of sufficient strength applied
along one of these stable orientations will drive the mag-
netization of a contact to that stable orientation while
compressive stress of sufficient strength will drive it to
the other stable orientation if the magnetostriction coef-
ficient of the contact material is positive (the reverse will
happen if it is negative)7,8. This is shown in the right
panel of Fig. 1(b).
Two pairs of electrically shorted (non-magnetic) elec-
trodes are also delineated on the piezoelectric film, with
each pair flanking a magnetostrictive contact such that
the line joining the centers of the electrodes in a pair
is approximately collinear with one stable magnetization
orientation of that contact [see left panel of Fig. 1(b)].
Application of a voltage (of appropriate sign and mag-
nitude) between an electrode pair and the underlying
grounded n+-Si substrate will produce a tensile stress
along the line joining the electrode centers and a com-
pressive stress in the in-plane direction perpendicular to
that line9. Voltage of the opposite polarity will inter-
change the signs of the stresses9. This stressing scheme
requires certain geometrical constraints to be imposed on
electrode size and separation, which are described in ref.
[9] and not discussed here. In the end, by applying a
positive voltage at the electrode pair, we can make the
magnetization of the interposed magnetostrictive contact
of the spin valve orient along one stable direction, while
by applying a negative voltage, we can make it orient
along the other stable direction.
The way a single bit comparator works is as follows:
First, a reference bit is “written” and stored in the com-
parator by activating the electrode pair surrounding one
magnetostrictive contact of the spin valve. This will ori-
ent that contact’s magnetization along one of its two sta-
ble states. Let us assume that the state attained when
the electrode voltage is positive encodes bit ‘1’ and the
other state (attained when the electrode voltage is neg-
ative) encodes bit ‘0’. Thus, a positive electrode voltage
will write and store the bit 1 while a negative voltage
will write and store the bit 0. This electrode pair will
become the “programming lead” since it programs the
stored (reference) bit. Since the stored bit can be always
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FIG. 1. (a) A straintronic-spintronic multi-bit comparator in-
tegrated with a magneto-tunneling junction whose resistance
indicates whether the input and reference bit streams match
bit by bit. The MTJ unit and the comparator unit share
the same (grounded) conducting substrate although that has
not been shown explicitly in the figure for the sake of clar-
ity. (b) [Left panel] A single bit comparator unit showing the
nanowire spin valve with magnetostrictive contacts fabricated
on a piezoelectric layer. The programming and input leads
are shown. [Right panel] Uniaxial tensile stress applied along
one stable orientation of the nanomagnet takes the magneti-
zation to that orientation while compressive stress takes the
magnetization to the other orientation.
“re-programmed” with the programming lead, the com-
parator is reconfigurable. Next, to carry out the bit com-
parison, the voltage encoding the input bit (positive volt-
age = 1; negative voltage = 0) is applied to the electrode
pair surrounding the other contact of the spin valve (this
electrode pair is therefore called the “input lead”). If the
input and the stored (reference) bits are the same, then
the polarities of the voltages applied at the input lead
and programming lead will have been the same, mak-
ing the magnetizations of the spin valve’s two contacts
mutually parallel. This will reduce the spin-valve’s elec-
trical resistance. On the other hand, if the input and
reference bits are different, then the magnetizations of
the two contacts will be in the two different orientations,
which are roughly perpendicular, and the spin valve re-
sistance will be higher. Thus, the spin valve’s resistance
is the indicator of match/mismatch between the input
and reference bits. The ratio of the resistances indicat-
ing mismatch and match is 1 + η1η2
1 (assuming no spin
relaxation in the spacer layer), where the η-s are the spin
injection and detection efficiencies of the two contacts.
At room temperature, spin injection efficiencies of ∼70%
have been demonstrated10; therefore, this ratio can be
∼ 1.5. Note that it would have been further lowered if
there was significant spin relaxation in the spacer, which
is why it is important to suppress relaxation by ensuring
single channeled transport in the spacer layer.
The magneto-tunneling junction (MTJ) unit in Fig.
1(a) is fabricated on the same (grounded) conducting
substrate and the piezoelectric film as the spin valve com-
parators. Its role is to determine if an N-bit input stream
and a pre-programmed N-bit reference stream stored in
the comparators match exactly bit by bit and store the re-
sult (“yes” or “no”) in its bistable resistance state. The
soft layer of the MTJ is an elliptical magnetostrictive
nanomagnet in elastic contact with the underlying piezo-
electric layer and it has two stable magnetization orien-
tations that are roughly perpendicular to each other and
lie in the plane of the soft layer in two adjacent quad-
rants between the major and minor axes, just like the
magnetostrictive contacts of the spin valves. The hard
layer of the MTJ is elliptical with very high eccentricity
and its two stable states are roughly along the major axis
of the ellipse because of the very high shape anisotropy.
The hard nanomagnet is placed such that its major axis
is collinear with one of the stable magnetization orienta-
tions of the soft nanomagnet (resulting in a “skewedMTJ
stack” where the major axes of the two nanomagnets are
at an angle). The hard nanomagnet is then magnetized
permanently in a direction that is anti-parallel to the
stable magnetization direction of the soft magnet. Thus,
when the soft nanomagnet is in one stable state, the mag-
netizations of the hard and soft layers are anti-parallel
(high MTJ resistance), while when the soft nanomagnet
is in the other stable state, the magnetizations of the two
layers are roughly perpendicular (low MTJ resistance).
There are two contact pads flanking the MTJ and
the line joining their centers is aligned along the mag-
netization of the hard layer (which also happens to be
collinear with one stable magnetization orientation of the
soft layer). At the beginning of any comparison cycle,
the MTJ resistance is “reset”; the soft layer’s magnetiza-
tion is oriented in the stable direction that is anti-parallel
to that of the hard layer’s by applying a voltage of the
appropriate polarity between the contact pads and sub-
strate [using connections not shown in Fig. 1(a) for the
sake of clarity] that generates tensile stress in that direc-
tion. The appropriate polarity depends on the direction
of piezoelectric poling and the sign of the soft layer’s
magnetostriction coefficient. Once the reset operation is
over, the MTJ is left in the high resistance state.
The way the MTJ unit works to determine match or
mismatch between the input and reference bit streams is
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FIG. 2. Equivalent circuit of the N-bit comparator including
the comparison and decision making units.
as follows: One contact of each spin valve is connected
to a common voltage source VI while the other contact is
connected to one terminal of a passive resistor R whose
remaining terminal is grounded as shown in Fig. 1(a).
The corresponding circuit is shown in Fig. 2. Using su-
perposition, the voltage V0 appearing across the resistor
R (and hence across the piezoelectric layer underneath
the MTJ – see Fig. 1(a)) is found to be
V0 = VI
N∑
n=1
Rn
Rn + rn
, (1)
where Rn = R ‖ r1 ‖ r2 ‖ · · · ‖ rn−1 ‖ rn+1 ‖ · · · ‖ rN
and rn is the resistance of the n-th spin valve. The above
equation reduces to
V0 ≈ VI
N∑
n=1
R
rn
= VIRG‖ if Rn ≪ rn, (2)
whereG‖ is the sum of the spin valve conductances (G‖ =∑N
n=1
1
rn
). The strong inequality in the last equation is
realistic since single nanowires tend to have very high
resistances.
It is easy to see now that when the input and reference
bit streams match exactly bit by bit, the output voltage
V0 is maximum because G‖ is maximum. We call this
value of V0 “Vmatch”. When one or more bits do not
match, V0 < Vmatch.
Note that the voltage V0 is applied at the MTJ elec-
trodes. There is a threshold positive voltage Vth which,
when applied at these electrodes, will generate enough
compressive stress in the soft layer of the MTJ to ro-
tate its magnetization from the initial (“reset”) orienta-
tion to the other stable orientation that is roughly per-
pendicular to the magnetization of the hard layer. At
this threshold voltage, the strain energy overcomes the
energy barrier between the two stable orientations to
make the switching occur. This will abruptly take the
MTJ from the initial (post-reset) high-resistance state
to the low-resistance state and reduce the resistance by
a factor of 1/ (1− η1η2). The MTJ is biased by a con-
stant current source I0 which generates an output voltage
Vout = I0RMTJ , where RMTJ is the MTJ resistance. If
V0 ≥ Vth, then Vout is low (because RMTJ is low); other-
wise, Vout is high.
We will now set Vmatch = Vth. This will ensure that
Vout will be low if and only if the bit stream and the
reference stream match exactly bit by bit. Otherwise,
Vout will be high. Thus, by monitoring Vout, we can
determine if the bit streams match exactly. A comparator
of this type has been proposed earlier by Datta et al.11
where the magnets are switched with spin torque and no
spin valves are used.
There are two ways to ensure that the equality
Vmatch = Vth holds. We can design the soft layer of
the MTJ (shape, material and dimensions) as well as the
global magnetic field to make Vth satisfy this equality,
but it is challenging to control Vth. An easier way is to
fine tune V0 with a variable current source Idc as shown
in Fig. 1(a). This will add an extra term IdcR to V0 and
change the required equality to Vmatch+ IdcR = Vth. We
now do not have to precisely craft Vth. Instead, we will
tune Idc to enforce the above equality.
All of the above discussion appears relevant only to 0
K temperature when there is no thermal noise to smear
the sharp Vth. At room temperature, there will be a
broadening of the threshold to Vth±∆V/2. Therefore, to
make the scheme work at room temperature, we have to
ensure that if even one bit does not match, the resulting
V0 appearing across the resistor R is considerably less
than Vth − ∆V/2. This can be ensured by choosing VI ,
R, Idc and the spin valve resistances in the low- and high-
resistance states judiciously.
First, we need to determine the smearing of Vth by
simulating the MTJ switching dynamics at room tem-
perature. We assume that the soft layer of the MTJ is
made of Terfenol-D and shaped like an elliptical disk of
major axis 100 nm, minor axis 42 nm and thickness 16.5
nm. These dimensions ensure that the soft nanomagnet
has a single domain12 and the energy barrier between its
two stable magnetization states is ∼73 kT at room tem-
perature if the global magnetic field is 0.14 Tesla13. The
stress generated in the soft nanomagnet by a given volt-
age applied at the MTJ’s electrode pair is estimated from
ref. [9] assuming that the piezoelectric layer is a 100-
nm thick lead-zirconate-titanate (PZT) film. We simu-
late the magnetodynamics of the soft nanomagnet under
stress in the presence of thermal noise in the manner of
refs. [14] and [15], i.e. by simulating switching trajecto-
ries according to the stochastic Landau-Lifshitz-Gilbert
(LLG) equation19. When the soft layer switches from
one stable magnetization state to the other, the MTJ re-
sistance changes by a factor of 1/ (1− η1η2) ≈ 2 if we
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FIG. 3. Switching characteristic of the MTJ switch R(V ) ver-
sus V in the presence of thermal noise at room temperature.
This plot is generated by simulating 105 switching trajecto-
ries in the manner of refs. [14] and [15] to find the thermal
spread in the switching threshold.
assume η1 = η2 = 0.7
10. Higher resistance ratios exceed-
ing 6:1 have been demonstrated at room temperature18,
but we will be conservative and assume the ratio to be
2:1. Fig. 3 shows the resistance R(V )/Rlow versus V
where R(V ) is the MTJ resistance when a voltage V
is applied at the electrode pair and Rlow is the low re-
sistance of the MTJ. To generate this scatter plot, 105
switching trajectories were simulated at room temper-
ature. Clearly, room-temperature fluctuations broaden
the switching threshold by ∼22 mV (i.e. ∆V = 22 mV),
and switching can occur anywhere between 75.6 and 97.6
mV applied at the MTJ’s electrode pair.
We will now have to ensure that when all bits in the in-
put and reference streams match, V0 = VIRG
max
‖ +IdcR ≥
97.6 mV, and when there is just one mismatch, V0 =
VIRG
1−mismatch
‖ + IdcR ≤ 75.6 mV. We ensure this by
choosing VI = 10 V, Idc = 1.51 µA, R = 1.525 MΩ,
low resistance of the spin valve 100 MΩ and high resis-
tance 150 MΩ. These choices result in VIRG
max
‖ + IdcR
= 110.19 mV and VIRG
1−mismatch
‖ + IdcR = 69.67 mV.
Thus, even at room temperature, we can detect a single
bit mismatch between the two streams with a probabil-
ity exceeding 99.9999% (since 105 switching trajectories
were simulated).
The stochastic LLG equation also allows us to deter-
mine the switching time and the energy dissipated during
switching of any magnetostrictive nanomagnet (whether
it is the MTJ’s soft layer during decision making, or the
spin valve’s contacts during writing of reference and in-
put bits) in the presence of room-temperature thermal
noise14–17. Fig. 4 shows the room-temperature mag-
netization dynamics, i.e. the magnetization orientation
(represented by the angle θ that the magnetization vector
subtends with a nanomagnet’s major axis) as a function
of time after a voltage V = V0 = 110 mV is applied to a
pair of electrodes to generate stress in a magnetostrictive
nanomagnet and initiate switching. The voltage is ap-
plied abruptly at time t = 0 and withdrawn abruptly at
time t = 1.2 ns. The stress duration of 1.2 ns ensures that
all 105 trajectories simulated switch successfully (switch-
ing error probability < 10−5). For each trajectory, the
magnetization vector starts out from around the stable
state at θ = 45◦ and switches to a state that is around the
stable state at θ = 135◦. Because of thermal noise, there
is some fluctuation of the initial state around θ = 45◦ and
the final state around θ = 135◦. The temporal charac-
teristics for arbitrarily picked 1000 switching trajectories
are plotted in Fig. 4. The maximum time it takes for
any trajectory to switch is 1.15 ns.
FIG. 4. Switching dynamics of a nanomagnet in the presence
of room-temperature thermal noise. A voltage is applied to
the electrodes abruptly at time t = 0 and withdrawn abruptly
at time t= 1.2 ns. The initial orientation of the magnetization
is near one stable state at θ = 45◦ and the final orientation is
around the other stable state at θ = 135◦. There is some fluc-
tuation around these states owing to thermal noise. All 105
trajectories simulated switch within 1.15 ns. The plot shows
arbitrarily picked 1000 trajectories. Here, thermal fluctua-
tions are not considered after switching.
The energy dissipated during switching has two con-
tributions – internal dissipation due to Gilbert damping
in the nanomagnet and (1/2)CV 2 dissipation associated
with charging and discharging the electrode capacitances
non-adiabatically. The former contribution is found to be
1.45 aJ (after averaging over 105 switching trajectories)17
and the latter is 10.64 aJ since V = V0 = 110 mV and
C for each of the two electrodes is 0.88 fF based on elec-
trode area of 100 nm × 100 nm and PZT layer thick-
ness of 100 nm (the relative dielectric constant of PZT is
roughly 1,000). Therefore, the total energy dissipated to
program a reference bit, or write an input bit, is ∼12.1
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aJ. In a 16-bit comparator, the energy dissipated to pro-
gram 16 reference bits (or write 16 input bits) will be 16
× 12.1 aJ = 193.6 aJ. Even if a reference bit (or input
bit) does not change from the previous cycle, we will not
know that apriori since we do not read the stored bit.
Therefore, we will have to rewrite every bit and thus all
16 reference bits will have to be reprogrammed and all
16 input bits will have to be rewritten.
The energy dissipated to switch the soft layer of the
MTJ (and hence make its resistance switch) is obviously
also ∼12.1 aJ. The time to charge the capacitance in the
MTJ unit is τ = ReqC, where Req = R ‖ r1 ‖ r2 ‖ · · · ‖
r16 = 1.22 MΩ. Hence, the RC time constant associated
with charging turns out to be 1 ns.
In addition to the energy dissipated during switching,
there is dissipation caused by the current and voltage
sources in the spin valve resistances rn, the bias resis-
tance R, and the MTJ resistance RMTJ . We can turn
on the current and voltage sources only when an in-
put bit stream arrives in order to avoid standby energy
dissipation. We will keep VI and Idc on for the dura-
tion tON = 1.2 ns and I0 on for the switching dura-
tion ts to ensure both correct decision making and cor-
rect reading of the decision with > 99.9999% probability.
The energy dissipated in the n-th spin valve is at most
((VI − V0)
2/rlown )tON = (9.89 V)
2 × 1.2 ns /100 MΩ =
1.17 fJ during the comparison operation and so in a 16 bit
comparator, this dissipation is 18.7 fJ. The energy dis-
sipated in the resistor R is (V 20 /R)tON = (110 mV)
2 ×
1.2 ns /1.525 MΩ = 9.5 aJ. The energy dissipated in the
MTJ is I20RMTJ ts which can be made arbitrarily small
by making I0 arbitrarily small. Therefore in a complete
cycle consisting of programming all 16 bits, receiving 16
inputs and then comparing the programmed bits with
the input bits, the total energy dissipation is 193.6 aJ +
193.6 aJ + 12.1 aJ + 18.7 fJ + 9.5 aJ = 19.1 fJ. The total
time required to program 16 bits while receiving 16 input
bits at the same time (and also “resetting” the MTJ at
the same time) is 1.2 ns, the time required to produce
the decision (match or no match) by switching the MTJ
resistance after the comparison is over is another 1.2 ns
(to ensure that the error probability is less than 10−5),
and the additional capacitor charging time is 1 ns, result-
ing in a total delay of 3.4 ns. Therefore, the maximum
operating speed is 1/3.4 ns = 294 MHz.
In conclusion, we have proposed and analyzed a
spintronic-straintronic reconfigurable N-bit comparator
(which uses spin properties for device functionality and
strain to switch the device) and shown that it is remark-
ably energy-efficient, relatively error-resilient and reason-
ably fast at room temperature. Such comparators have
the additional advantage that the result of the compar-
ison can be stored indefinitely in the resistance state of
the MTJ, resulting in non-volatility.
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